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Despite their importance as a biofuel production platform, only a very limited number of butanol-tolerant bacteria have been
identified thus far. Here, we extensively explored butanol- and isobutanol-tolerant bacteria from various environmental sam-
ples. A total of 16 aerobic and anaerobic bacteria that could tolerate greater than 2.0% (vol/vol) butanol and isobutanol were
isolated. A 16S rRNA gene sequencing analysis revealed that the isolates were phylogenetically distributed over at least nine gen-
era: Bacillus, Lysinibacillus, Rummeliibacillus, Brevibacillus, Coprothermobacter, Caloribacterium, Enterococcus, Hydrogenoan-
aerobacterium, and Cellulosimicrobium, within the phyla Firmicutes and Actinobacteria. Ten of the isolates were phylogeneti-
cally distinct from previously identified butanol-tolerant bacteria. Two relatively highly butanol-tolerant strains CM4A (aerobe)
and GK12 (obligate anaerobe) were characterized further. Both strains changed their membrane fatty acid composition in re-
sponse to butanol exposure, i.e., CM4A and GK12 exhibited increased saturated and cyclopropane fatty acids (CFAs) and long-
chain fatty acids, respectively, which may serve to maintain membrane fluidity. The gene (cfa) encoding CFA synthase was
cloned from strain CM4A and expressed in Escherichia coli. The recombinant E. coli showed relatively higher butanol and isobu-
tanol tolerance than E. coli without the cfa gene, suggesting that cfa can confer solvent tolerance. The exposure of strain GK12 to
butanol by consecutive passages even enhanced the growth rate, indicating that yet-unknown mechanisms may also contribute
to solvent tolerance. Taken together, the results demonstrate that a wide variety of butanol- and isobutanol-tolerant bacteria
that can grow in 2.0% butanol exist in the environment and have various strategies to maintain structural integrity against detri-
mental solvents.

Due to fluctuations in the price of crude oil and an increase in
environmental concerns, microbial fuel production from re-

newable feedstock has become a global priority. n-Butanol (here-
after referred to as butanol) is considered to be a good alternative
to the traditional biofuel ethanol due to the advantages of buta-
nol’s high energy content, high octane rating, low volatility, and
miscibility with gasoline and diesel oil (1, 2).

Butanol is produced biologically through an acetone-butanol-
ethanol (ABE) fermentation process by obligate anaerobic clos-
tridia (3). Recently, vigorous efforts have been made to develop
alternative processes to generate C3- to C5-chain alcohols, includ-
ing butanol and 2-methylpropan-1-ol (hereafter referred to as
isobutanol), through metabolic engineering using Escherichia coli
as the platform microorganism (4). However, production is very
limited due to the high toxicity of butanol and isobutanol to mi-
croorganisms (5, 6). These solvents are known to cause an increase
in plasma membrane fluidity by intercalating into the membrane
and breaking the hydrogen bonds between lipid tails, resulting in
a loss of membrane potential and a decline in cell growth (7, 8, 9).
In fact, the known butanol-producing microorganisms, including
clostridia, genetically engineered E. coli, and Saccharomyces cerevi-
siae, are highly sensitive to butanol (10, 11, 12), and this toxicity
has long been a critical issue in practical biobutanol production.

To date, only a few butanol-tolerant bacterial species with the
ability to grow in greater than 2.0% (vol/vol) butanol have been
found (5, 10, 13, 14, 15). The previously identified butanol-toler-
ant microorganisms were predominantly screened from culture
collections that included well-known strains that tolerate other

organic solvents (e.g., toluene and benzene) (5, 10, 14). This strat-
egy was effective but resulted in the collection of taxonomically
limited butanol-tolerant bacteria, such as the genera Clostridium,
Pseudomonas, Zymomonas, Bacillus, Lactobacillus, and Enterococ-
cus (5, 7, 10, 13, 14, 15). Furthermore, as there have been very few
attempts to isolate butanol-tolerant bacteria from natural envi-
ronments, very little is known about the butanol-tolerant bacteria
that are present in nature.

In this study, we sought to extensively screen butanol- and
isobutanol-tolerant microorganisms that can grow in greater than
2.0% butanol from various environmental samples and investi-
gated the phylogenetic positions and tolerance to butanol and
isobutanol of the microorganisms. Among those isolates, two
strains that showed a relatively high tolerance were further char-
acterized by examining cell surface structures, fatty acid compo-
sitions, and genes associated with butanol tolerance.
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MATERIALS AND METHODS
Sampling, enrichment, and isolation. Butanol- and isobutanol-tolerant
microorganisms were enriched in the presence of these solvents. Cultiva-
tion was performed under both aerobic and strictly anaerobic conditions.
To prevent evaporation of the solvents, a 50-ml, tightly capped conical
tube (for aerobic cultivation) and 50-ml serum vial sealed with a butyl
rubber stopper and aluminum crimp (for strictly anaerobic cultivation)
were used. Evaporation was negligible during the cultivation period under
both the aerobic and anaerobic conditions and thus did not affect the
evaluation of solvent tolerance.

To enrich and isolate aerobic bacteria, samples were collected from
freshwater sediments, grease-contaminated soils, cabbage-field soils, veg-
etable wastes, and composts in Ibaraki Prefecture, Japan. After the sam-
ples were sonicated in water and centrifuged at 400 � g for 5 min, the
supernatant was inoculated into fresh medium containing butanol (0.1 to
3.0% [vol/vol]); the butanol-containing medium consisted of (per liter) 5
g glucose, 1 g tryptone, 0.5 g yeast extract, 1 g (NH4)2SO4, 0.75 g KH2PO4,
and 0.78 g K2HPO4 supplemented with 7 ml basal salt solution and 1 ml
vitamin solution, as described previously (16). Two different aerobic en-
richments, short- and long-term cultivations, were performed. For short-
term cultivation, 50 �l of inoculum was added to 2 ml of fresh medium
containing 0.5 to 3.0% butanol. After incubation at 30°C with shaking for
48 h, the cultures were spread onto agar plates with the same medium
containing 2.0% butanol, and colonies were isolated and purified. For
long-term cultivation (3 to 9 months in total), 1 ml of each inoculum was
added to 50 ml of fresh medium containing 0.1% butanol. After incuba-
tion at room temperature with shaking for 48 to 72 h, 2 to 3% of the
culture fluid was transferred into fresh medium containing 1.0% butanol
and incubated for 5 days. The culture was then repeatedly transferred into
fresh medium with increasing concentrations of butanol of up to 9.0% in
a stepwise manner. After consecutive transfers, the cultures were spread
onto agar plates as described above.

To enrich and isolate strictly anaerobic bacteria, samples for enrich-
ment were collected from oil-contaminated soils, thermophilic and meso-
philic anaerobic digesters, bovine rumens, hot springs, and bovine ma-
nure composts in Hokkaido Prefecture, Japan. The oil-contaminated soil
or bovine manure compost samples were mixed well with 10 mM phos-
phate-buffered 150 mM NaCl. A portion of a 5-ml sample or slurry was
inoculated into fresh medium containing 2.0% or 5.0% butanol or isobu-
tanol. The medium was prepared based on a modified Widdel medium
(17) with the following composition (per liter), as described previously
(18): 5 g glucose, 1 g yeast extract, 0.53 g NH4Cl, 0.14 g KH2PO4, 0.2 g
MgCl2 · 6H2O, 0.15 g CaCl2 · 2H2O, and 2.52 g NaHCO3 supplemented
with 1 ml selenium and tungsten solution, 1 ml trace element solution,
and 2 ml vitamin solution. Cultivation was performed in 50-ml serum
vials containing 20 ml of medium under an atmosphere of N2/CO2 (80:
20) at 37°C or 55°C. The cultures were transferred to fresh media five
times at intervals of approximately 1 month. The Hungate roll tube tech-
nique (19) was used to isolate single colonies using the above-mentioned
medium solidified with 2% Noble agar. Each colony was inoculated into a
liquid medium containing 2.0% butanol to verify tolerance to butanol.

Phylogenetic analysis based on 16S rRNA gene sequences. The 16S
rRNA gene sequences (E. coli positions 28 to 1491) of each isolate were
determined as previously described (20). All sequences were aligned with
their relatives using ARB software (21) and the SILVA database (22). A
phylogenetic tree was constructed by the neighbor-joining method (23)
using the MEGA 4.0 program (24). The robustness of the tree’s topology
was assessed by a bootstrap analysis (25) based on 1,000 replications.

Butanol and isobutanol tolerance assay. To obtain better growth for
determining solvent tolerance and physiological traits, the media for the
aerobic and anaerobic solvent-tolerant isolates were altered as follows. For
the aerobic strains, 5 g/liter glucose, 20 g/liter tryptone, 5 g/liter yeast
extract, 1.5 g/liter KH2PO4, and 1.56 g/liter K2HPO4 were supplemented
with 7 ml basal salt solution and 1 ml vitamin solution (16). For the
anaerobic strains, 10 g/liter glucose, 5 g/liter yeast extract, 0.53 g/liter

NH4Cl, 0.14 g/liter KH2PO4, 0.2 g/liter MgCl2 · 6H2O, 0.15 g/liter CaCl2 ·
2H2O, and 2.52 g/liter NaHCO3 were supplemented with 1 ml selenium
and tungsten solution, 1 ml trace element solution, and 2 ml vitamin
solution (18). The cultivation temperature for each isolate was the same
temperature used in the enrichment.

Tolerance to butanol and isobutanol of the isolates was assessed based
on cellular growth in the presence of the solvents as previously described
(5, 10, 13, 15). In particular, butanol-tolerant bacteria were defined in this
study as those that could grow in greater than 2.0% butanol, as all of the
previously identified butanol-tolerant microorganisms can grow in at
least 2.0% butanol (5, 10, 13, 14, 15). The maximum concentrations of
butanol and isobutanol that allowed the isolates to grow were determined.
Cells grown without solvent were inoculated into fresh liquid media
amended with butanol or isobutanol at a concentration of 1.0 to 5.5% in
increments of 0.5%. The optical density at 600 nm (OD600) was moni-
tored using a spectrophotometer, and the specific growth rates were cal-
culated from the linear range of exponential growth. The concentration of
butanol or isobutanol in culture was measured by high-performance liq-
uid chromatography equipped with a cation-exchange column and a re-
fractive index (RI) detector. To examine cellular adaptation to butanol, all
the isolates were grown with 2.0% butanol and inoculated into the subse-
quent medium. After 2 to 15 successive transfers, the butanol tolerance of
the isolates was evaluated by the same methods as described above. Ulti-
mately, two isolates (strains CM4A and GK12) with a relatively high bu-
tanol tolerance were further characterized as described below.

TEM. Changes in the cell surface morphology of strains CM4A and
GK12 in the late exponential growth phase and grown with or without
butanol were observed by transmission electron microscopy (TEM) (Hi-
tachi H-7600) (26). The thickness of the extracellular capsule of strain
CM4A was measured from the transmission electron micrographs of 10
randomly selected cells (two spots per single cell; n � 20).

Cell surface hydrophobicity measurement. The cell surface hydro-
phobicity of strain CM4A grown with or without butanol was assessed by
the bacterial adhesion to hydrocarbon (BATH) test (27). In brief, 0.2 ml of
organic solvent was added to 5 ml of a late-exponential-phase cell suspen-
sion, which was adjusted to an OD600 of 1.0. The solution was then vortex
agitated for 30 s and left to stand for 15 min to allow separation. Butanol,
n-hexane, n-tetradecane, toluene, and xylene were used as the solvents in
the assay. The percentage of cells that adhered to the solvent was calcu-
lated by the following formula: [1 � (OD600 of aqueous phase after mix-
ing/OD600 of initial suspension)] � 100 (28).

Fatty acid analysis. An analysis of whole-cell lipid extracts from
strains CM4A and GK12 grown with or without butanol was performed
using previously described methods (29). Briefly, cells in the late expo-
nential phase of growth were directly methanolyzed. The products con-
taining fatty acid methyl esters were then extracted with n-hexane and
analyzed by gas chromatography-mass spectrometry (M7200A GC/
3DQMS system; Hitachi, Japan).

Cloning and expression of the cyclopropane fatty acid (CFA) syn-
thase gene (cfa) in E. coli. The cfa gene of strain CM4A was amplified and
cloned into the pET-28b expression vector (Novagen) to produce an N-
terminal His6-tagged fusion protein. The primers used for the PCR am-
plification, direct sequencing, and cloning of the cfa gene are listed in
Table S1 in the supplemental material. E. coli DH5� cells were trans-
formed and subsequently plated onto LB medium supplemented with 30
�g/ml kanamycin. The expression and activity of the recombinant protein
in the positive clone, designated E. coli/pCFA, were confirmed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and by
the above-described fatty acid analysis, respectively. E. coli/pCFA and the
negative-control clone E. coli/pET28, which was transformed with an
empty pET-28b vector, were subjected to the solvent tolerance assay as
described above. Briefly, the cells were grown on LB medium containing
0.7 to 1.0% butanol or isobutanol, 0.01 mM isopropyl-1-thio-�-D-galac-
topyranoside (IPTG), and 30 �g/ml kanamycin.
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Nucleotide sequence accession numbers. The GenBank/EMBL/
DDBJ accession numbers of the 16S rRNA gene sequences of the isolates
are AB669587 to AB669596 and AB537978 to AB537983, and the acces-
sion number of the cfa gene of strain CM4A is AB669597.

RESULTS AND DISCUSSION
Isolation of butanol- and isobutanol-tolerant bacteria. After en-
richment in the presence of butanol under aerobic and anaerobic
conditions, a total of 16 microorganisms that could grow in the
presence of greater than 2.0% butanol and isobutanol were iso-
lated from various environmental samples (Table 1). All isolates
comprised heterotrophic mesophilic bacteria, except for a ther-
mophilic bacterium, strain GK5. To date, no thermophilic micro-
organisms tolerating butanol have been found. The obligate an-
aerobic isolates (GK3, GK5, GK12, YN1, YN3, and YN5) were
obtained from either thermophilic anaerobic digesters or oil-con-
taminated soil. In contrast, aerobic strains (CM4A, CM9A, SK4A,
SK4D, SK5A, SK7A, SK9A, FW5A, CP3A, and CY2C) were iso-
lated from all the samples used in this study, even freshwater sed-
iments and cabbage-field soils in which organic solvents were
likely not present.

Phylogenetic identification of the butanol-tolerant microor-
ganisms obtained. The phylogenetic analysis based on 16S rRNA
gene sequencing indicated that the isolates obtained were affili-
ated with the genera Bacillus, Lysinibacillus, Brevibacillus, Rumme-
liibacillus, Coprothermobacter, Caloribacterium, Enterococcus, and
Hydrogenoanaerobacterium within the phylum Firmicutes and the
genus Cellulosimicrobium within the phylum Actinobacteria
(Table 1). Strains CM4A, SK4D, and SK5A, belonging to the genus
Enterococcus, exhibited a relatively higher tolerance than did the
other isolates. This finding is consistent with the results of a pre-
vious study showing that many lactic acid bacteria, including En-
terococcus species, can tolerate butanol (5, 15). Similarly, strains
SK4A, FW5A, and CP3A were closely related to the known buta-

nol-tolerant bacterium Bacillus subtilis (13). In contrast, the other
10 isolates were phylogenetically distinct from the previously
identified butanol-tolerant bacteria (Fig. 1). In particular, strains
GK3, GK12, and YN5 were phylogenetically novel, showing less
than 94% sequence similarity to the most closely related species.
This result indicates that there is a wider variety of butanol- and
isobutanol-tolerant bacteria that can grow in the presence of
greater than 2.0% solvent than previously recognized.

Solvent tolerance of the isolates. To further evaluate the abil-
ity of the isolates to tolerate butanol and isobutanol, the maxi-
mum concentrations of solvents that allowed the isolates to grow
were determined. Most of the isolates (all of the aerobic strains
and three anaerobic strains [GK3, GK12, and YN5]) grew slightly
better with isobutanol than with butanol (Table 1). None of the
isolates tested assimilated or degraded butanol and isobutanol
(data not shown).

Of the isolates, the aerobic strain CM4A exhibited the highest
tolerance, growing in the presence of 3.5% butanol and 4.0%
isobutanol. The anaerobic isolate, strain GK12, also showed a rel-
atively higher tolerance, with the ability to grow in 3.0% butanol
and 3.5% isobutanol. The tolerance levels of the two strains were
comparable or even greater than the tolerance of previously iden-
tified butanol-tolerant microorganisms (5). More importantly,
both strains showed clear exponential growth and reached high
cell densities, even in the presence of 2.5% butanol (Fig. 2), which
was not observed for the previously reported butanol-tolerant
bacteria (5, 15). Therefore, we selected strains CM4A and GK12
for further analyses.

Morphological characterization of strains CM4A and GK12.
The cell morphologies were investigated by TEM. As shown in
Fig. 3, changes in the cell surface properties in the presence of a
high butanol concentration (2.0%) were evident in strain CM4A.
The cells exhibited a diplococcus shape with a capsule structure

TABLE 1 Characteristics of the isolates

Bacterial type and strain Origin
Enrichment
conditionsa Phylum Closest relative species (accession no.)

Similarity
(%)

Tolerance (%)b

Butanol Isobutanol

Butanol-tolerant bacteria isolated
under aerobic conditions

CM4A Grease-contaminated soil 30°C/4 mo/4.0% Firmicutes Enterococcus faecalis (AB012212) 99.6 3.5 4.0
CM9A Grease-contaminated soil 30°C/9 mo/9.0% Firmicutes Rummeliibacillus pycnus (AB271739) 98.4 2.0 2.5
SK4A Freshwater sediment 30°C/3 mo/4.0% Firmicutes Bacillus amyloliquefaciens (AB255669) 99.6 2.0 2.5
SK4D Freshwater sediment 30°C/4 mo/4.0% Firmicutes Enterococcus faecalis (AB012212) 99.6 2.5 3.0
SK5A Freshwater sediment 30°C/7 mo/5.0% Firmicutes Enterococcus faecalis (AB012212) 99.5 3.0 3.5
SK7A Freshwater sediment 30°C/9 mo/7.0% Firmicutes Lysinibacillus xylanilyticus (FJ477040) 98.5 2.5 3.0
SK9A Freshwater sediment 30°C/9 mo/9.0% Firmicutes Brevibacillus reuszeri (AB112715) 99.8 2.0 2.5
FW5A Vegetable waste 30°C/2 days/0.5% Firmicutes Bacillus amyloliquefaciens (AB255669) 97.9 2.0 2.5
CP3A Cabbage-field soil 30°C/2 days/3.0% Firmicutes Bacillus mycoides (AB021192) 98.3 2.5 3.0
CY2C Compost 30°C/2 days/2.0% Actinobacteria Cellulosimicrobium cellulans (X83809) 98.1 2.0 2.5

Butanol-tolerant bacteria isolated
under anaerobic conditions

GK3 Thermophilic anaerobic
digester

37°C/5 mo/2.0% Firmicutes Garciella nitratireducens (AY176772) 92.8 2.0 2.5

GK5 Thermophilic anaerobic
digester

55°C/4 mo/2.0% Firmicutes Coprothermobacter proteolyticus
(X69335)

98.8 2.0 2.0

GK12 Thermophilic anaerobic
digester

37°C/5 mo/2.0% Firmicutes Eubacterium cylindroides (L34617) 91.2 3.0 3.5

YN1 Oil-contaminated soil 37°C/5 mo/2.0% Firmicutes Caloribacterium cisternae (JF262044) 96.7 2.0 2.0
YN3 Oil-contaminated soil 37°C/5 mo/2.0% Firmicutes Hydrogenoanaerobacterium

saccharovorans (EU158190)
98.0 2.0 2.0

YN5 Oil-contaminated soil 37°C/4 mo/2.0% Firmicutes Clostridium pasteurianum (FR870440) 93.6 2.5 3.0

a The conditions of the enrichment culturesare given as follows: temperature/culture period/final butanol concentration.
b The values represent the maximum butanol or isobutanol concentration allowing growth and were based on three independent replicates. The temperature at which tolerance was
tested was the same temperature used for enrichment.
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(Fig. 3A and C), and the thickness of the extracellular capsule
increased 2-fold when the cells were grown with butanol (P � 0.01
by t test) (Fig. 3B and D). To date, these changes in cell surface
properties in response to butanol exposure have not been re-

ported. The BATH test (27) was performed to clarify whether the
cell surface hydrophobicity of strain CM4A was altered by the
increased extracellular capsule thickness. Cells grown with 2%
butanol exhibited a significantly lower affinity for butanol and

0.02

*

*

*

strain YN3 (AB537982)

strain FW5A (AB669594)
strain SK4A (AB669589)

strain CP3A (AB669595)

strain CM9A (AB669588)

strain SK7A(AB669592)

strain CM4A (AB669587)
strain SK4D (AB669590)
strain SK5A (AB669591)

strain SK9A (AB669593)

strain GK12 (AB537978) 

strain GK3 (AB537979)

strain YN5 (AB537983)

strain YN1 (AB537981)

strain GK5 (AB537980)

strain CY2C (AB669596)

Zymomonas mobilis subsp. mobilis ATCC 10988T (AF281031)

Enterococcus italicus IMAU 50096 (FJ749491)
Enterococcus casseliflavus IMAU 10148 (FJ915804)

Enterococcus faecium IMAU 60169 (FJ749883)

Leuconostoc pseudomesenteroides IMAU 10151 (FJ915807)

Lactobacillus reuteri IMAU 70066 (GQ131182)
Pediococcus pentosaceus IMAU 20032 (FJ844959)

Lactobacillus hilgardii IMAU 50061 (FJ749461)
Lactobacillus kefiri IMAU 50007 (FJ749410)

Lactobacillus plantarum IMAU 70090 (GQ131206)
Lactobacillus brevis ATCC 367 (NR_075024)

Lactobacillus delbrueckii subsp. delbrueckii BCRC 12195T (AY773949)

Pseudomonas putida ATCC 12633T (D84020)

Bacillus subtilis subsp. subtilis DSM 10T (AJ276351)

Bacillus amyloliquefaciens NBRC 15535T (AB255669) 

Bacillus mycoides ATCC 6462T (AB021192)

Rummeliibacillus pycnus NBRC 101231T (AB271739)

Lysinibacillus xylanilyticus DSM 23493T (FJ477040)
Lysinibacillus boronitolerans DSM 17140T (AB199591)

Enterococcus faecalis ATCC 19433T (AB012212)

Brevibacillus brevis DSM 30T (AB271756)
Brevibacillus reuszeri DSM 9887T (AB112715)

Allobaculum stercoricanis DSM 13632T (AJ417075)
Eubacterium cylindroides DSM 3983T (L34617)

Hydrogenoanaerobacterium saccharovorans JCM 14861T (EU158190)
Anaerotruncus colihominis JCM 15631T (AJ315980)

Ruminococcus champanellensis DSM 18848T (AJ515913)

Garciella nitratireducens DSM 15102T (AY176772)

Alkalibacter saccharofermentans DSM 14828T (AY312403)
Clostridium pasteurianum DSM 525T (FR870440)

Clostridium pascui DSM 10365T (X96736)
Caloribacterium cisternae DSM 23830T (JF262044)

Thermoanaerobacterium aciditolerans DSM 16487T (AY350594)

Thermovorax subterraneus DSM 21563T (EU370564)
Coprothermobacter platensis DSM 11748T (Y08935)

Coprothermobacter proteolyticus ATCC 35245T (X69335)

Cellulosimicrobium funkei DSM 16025T (AY501364)
Cellulosimicrobium cellulans DSM 43879T (X83809)

Bacillus valismortis DSM 11031T (AB021198)

Bacillus cereus ATCC 14579T (AE016877)

Rummeliibacillus stabekisii NBRC 104870T (DQ870754)

FIG 1 Neighbor-joining tree based on 16S rRNA gene sequences, showing the relationship between the isolates (boldface type), their relatives, and other
butanol-tolerant bacteria (shaded clusters). Due to the lack of sequences for butanol-tolerant Bacillus subtilis (13), Lactobacillus delbrueckii (10), and Pseudomo-
nas putida (14) strains, as indicated by asterisks, their type strains are shown in the tree. The bootstrap values that were above 50% are shown at the nodes. Bar,
0.02 substitution per nucleotide position.
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other organic solvents than did the cells grown without butanol
(P � 0.01 by t test) (see Table S2 in the supplemental material).
This result suggests that the changes in the capsule structure of
strain CM4A decrease the cell surface hydrophobicity and thus
may function as a physical defense against butanol. Previous stud-
ies have reported that the solvent-tolerant microorganisms Rho-
dococcus rhodochrous and Staphylococcus sp. produce extracellular
hydrophilic compounds that may prevent hydrophilic solvents,
such as n-hexadecane and toluene, from intercalating into the
membrane (30, 31). In contrast to strain CM4A, such a change in
morphology was not observed in strain GK12 (data not shown).

Changes in the fatty acid compositions of strains CM4A and
GK12 in the presence of butanol. To elucidate the underlying
mechanism of solvent tolerance, we further investigated the phys-
iological response to butanol of strains CM4A and GK12. Expo-
sure to solvents impairs the integrity and stability of the cytoplas-
mic membrane, and several solvent-tolerant microorganisms are
known to reestablish membrane fluidity and decrease solvent per-
meability by altering their membrane lipid compositions (7, 32,
33). Thus, to evaluate the responses of the cell membrane to high
concentrations of butanol, changes in the fatty acid compositions
of the highly solvent-tolerant strains CM4A and GK12 were ex-
amined at a concentration of up to 2.5% butanol.

In the absence of butanol, strain CM4A contained saturated
fatty acids (44% of total), together with unsaturated fatty acids
(56%), such as palmitic acid (C16:0) and cis-vaccenic acid (C18:

1�7c). When the cells were grown with butanol, the proportion of
C16:0 and CFAs (cis-11,12-methylene octadecanoic acid [cyclo-
C19:0]) increased, whereas the proportion of C18:1�7c decreased,
resulting in an increase in the proportion of total saturated fatty
acids and CFAs by up to 56% (Table 2). Although the cis-hexade-
cenoic acid (C16:1�7c) level relatively increased with 2.0% butanol
but decreased with 2.5%, the total unsaturated fatty acid propor-
tion tended to decrease in a butanol dose-dependent manner (Ta-
ble 2). In contrast, strain GK12 did not contain unsaturated fatty
acids but rather saturated fatty acids and saturated 1,1-dimethoxy
alkanes (DMAs) (34). In the presence of butanol, the proportions
of longer-chain fatty acids (stearic acid [C18:0] and arachidic acid
[C20:0]) significantly increased (Table 3). Although the proportion
of C18:0 DMAs relatively increased with 2.0% butanol but de-
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FIG 2 Effect of butanol on the growth of strain CM4A (A), strain GK12 (B),
and the butanol-adapted cells of strain GK12 (C). Butanol concentrations of
0% (Œ), 2% (�), 2.5% (Œ), 3.0% (�), and 3.5% (�) were tested. The values
represent the means of triplicate experiments.

FIG 3 (A to D) Transmission electron micrographs of strain CM4A in the absence (A and C) and presence (B and D) of 2.0% butanol. The transmission electron
micrographs in panels C and D are magnified views of the black boxes in panels A and B, respectively. The black arrows point to the positions of the capsule. The
average capsule thicknesses were 17 	 3.7 nm and 32 	 3.7 nm in the absence and presence, respectively, of 2.0% butanol (P � 0.01 by t test). Bars, 0.5 �m (A
and B) and 50 nm (C and D).
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creased with 2.5%, the total proportion of alkyl groups of a length
of 18 increased in a butanol dose-dependent manner (Table 3).
Because increases in the acyl chain length and proportion of sat-
urated fatty acids and the cyclization of unsaturated fatty acids
promote more-rigid membrane structures (35, 36), these changes
in response to butanol exposure in both strains may compensate
for the increased membrane fluidity imposed by butanol. Other
microorganisms, such as Clostridium acetobutylicum and Pseu-
domonas putida, have also been reported to maintain membrane
rigidity by increasing both the mean length of the acyl chain and
the proportion of saturated fatty acids and by synthesizing CFAs

in the presence of solvents (37, 38, 39, 40), which is in accordance
with our findings.

Overall, butanol dose-dependent changes in the saturated and
CFA levels and acyl chain length in strains CM4A and GK12, re-
spectively, were clearly observed (Tables 2 and 3). In particular,
strain GK12 exhibited a more marked alteration in membrane
composition than strain CM4A. In general, an increase in the
length of the acyl chain has a smaller effect on the fluidity of
the lipid bilayer than does the saturation of fatty acids (36). Be-
cause strain GK12 lacked unsaturated fatty acids, this strain would
have to markedly alter the length of the acyl chain of its saturated
fatty acids to maintain membrane fluidity.

Heterologous expression of the cfa gene derived from strain
CM4A improved solvent tolerance in E. coli. The results of fatty
acid analysis indicated that CFAs may contribute to the butanol
tolerance of strain CM4A. To verify this phenomenon, we exam-
ined whether the cyclization of unsaturated fatty acids among the
membrane lipids could enhance the tolerance of E. coli to butanol
and isobutanol. Recombinant strain E. coli/pCFA was generated
by the introduction of the cfa gene derived from strain CM4A. The
deduced 388-amino-acid sequence resulting from the cfa gene
(AB669597) of strain CM4A is 36% identical to the E. coli cfa gene
(AM946981) product. The expression of the recombinant protein
and the increase in the proportion of CFAs (cyclo-C19:0) were
confirmed by SDS-PAGE and fatty acid analysis, respectively (see
Fig. S2 and Table S3 in the supplemental material). A solvent
tolerance assay showed that the relative growth rate of recombi-
nant E. coli/pCFA in the presence of butanol or isobutanol was
significantly higher than the growth rate of the negative-control
strain E. coli/pET28 (P � 0.01 by t test) (Fig. 4; see Fig. S1 in the
supplemental material). These findings strongly demonstrate that
CFA synthesis due to cfa gene transformation enhanced the toler-
ance of E. coli to butanol and isobutanol. CFA synthase is known
to directly modify unsaturated fatty acids in the membrane and
therefore does not require energy or carbon for de novo fatty acid
synthesis (35). The enhancement of butanol tolerance by reinforc-
ing CFA synthesis thus did not compete with butanol production,
at least in terms of energy and carbon consumption. Introduction

TABLE 2 Changes in the fatty acid composition of strain CM4A in the
presence of 2.0% and 2.5% butanol

Fatty acida

Fatty acid compositionb (%) of strain CM4A grown
with:

No solvents 2.0% butanol 2.5% butanol

C9:1
c ND ND 1.1 	 0.3

C14:0 5.7 	 0.2 6.9 	 0.6 6.6 	 0.2
C14:1�7c 0.6 	 0.1 0.8 	 0.1 ND
C15:0 0.1 	 0.0 0.1 	 0.0 ND
C16:0 35.7 	 1.3 41.0 	 0.8 45.8 	 0.7
C16:1

c ND ND 0.9 	 0.0
C16:1�7c 8.9 	 0.2 9.7 	 0.4 7.9 	 0.3
C18:0 1.9 	 0.1 1.2 	 0.0 1.7 	 0.2
C18:1�7c 46.4 	 1.5 38.5 	 1.6 33.6 	 0.4
Cyclo-C19:0 0.6 	 0.1 1.8 	 0.2 2.4 	 0.1

Total saturated
fatty acidsd

43.4 	 1.4 49.2 	 1.3 54.1 	 0.5

a Abbreviations: CX:Y�Zc, a fatty acid containing X carbon atoms with Y double bonds
at position Z, counted from the methyl terminus in the cis configuration; cyclo-C19:0,
cis-11,12-methylene octadecanoic acid.
b Each fatty acid composition value is given as a percentage of the whole-cell lipids.
Values are means 	 standard deviations of three independent measurements. ND, not
detected.
c The double-bond positions of C9:1 and C16:1 were not identified.
d Myristic acid (C14:0), pentadecanoic acid (C15:0), palmitic acid (C16:0), and stearic acid
(C18:0) were added together to calculate total saturated fatty acids.

TABLE 3 Changes in the fatty acid and DMA compositions of nonadapted and butanol-adapted cells of strain GK12 in the presence of butanol

Fatty acid or
DMAa

Fatty acid or DMA compositionb (%) of strain GK12

Nonadapted cells grown with: Butanol-adapted cellsc grown with:

No solvents 2.0% butanol 2.5% butanol No solvents 2.0% butanol 2.5% butanol 3.0% butanol

C14:0 24.5 	 1.1 6.6 	 0.5 1.5 	 0.8 27.0 	 1.6 26.1 	 0.4 5.2 	 0.7 1.1 	 0.4
C16:0 23.5 	 1.4 23.7 	 2.2 21.6 	 1.1 25.1 	 0.3 27.8 	 0.6 31.2 	 0.9 19.2 	 0.4
C18:0 10.8 	 0.6 30.4 	 0.7 42.1 	 1.3 3.8 	 0.5 5.2 	 0.5 35.2 	 0.2 48.1 	 0.8
C20:0 2.8 	 0.6 10.1 	 1.3 14.1 	 1.3 2.6 	 0.5 4.7 	 0.5 6.6 	 0.2 19.4 	 0.6

C14:0 DMA 4.9 	 1.3 0.6 	 0.2 ND 5.5 	 0.5 2.7 	 1.2 ND ND
C16:0 DMA 18.0 	 1.7 1.8 	 0.5 1.6 	 0.4 10.3 	 1.3 4.2 	 0.3 2.1 	 0.3 1.1 	 0.4
C18:0 DMA 15.5 	 0.8 26.8 	 2.2 19.1 	 1.9 25.7 	 0.6 29.3 	 0.5 19.6 	 0.4 11.2 	 0.9

Total C14 29.4 	 1.4 7.2 	 0.4 1.5 	 0.7 32.5 	 1.4 28.8 	 1.1 5.2 	 0.7 1.1 	 0.4
Total C16 41.5 	 1.9 25.5 	 2.0 23.3 	 1.0 35.5 	 1.2 32.0 	 0.6 33.3 	 0.8 20.3 	 0.5
Total C18 26.3 	 0.9 57.3 	 2.0 61.2 	 2.0 29.4 	 0.7 34.5 	 0.6 54.8 	 0.4 59.3 	 1.0
a Abbreviations: CX:Y, fatty acid containing X carbon atoms with Y double bonds; total X, the sum of fatty acids and DMAs with an acyl chain length of X.
b Each fatty acid composition value is shown as a percentage of whole-cell lipids. Values are means 	 standard deviations of three independent measurements. ND, not detected.
c Cell adaptation was achieved by 15 consecutive passages with 2.0% butanol.
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of the cfa gene into a candidate microbial platform may serve as a
new strategy to improve butanol production efficiency.

Mechanisms involved in the butanol adaptation of strain
GK12. Microorganisms are known to adapt to organic solvents
during exposure to nonlethal levels of organic solvents (14, 41).
To verify whether the isolates could adapt to butanol, the micro-
organisms were subjected to successive subculturing with nonle-
thal concentrations of butanol. Only strain GK12 exhibited signif-
icant adaptation after 15 consecutive passages in the presence of
2.0% butanol (see Fig. S3 in the supplemental material). Interest-
ingly, the butanol-treated GK12 cells grew even faster in the pres-
ence of 2.0% butanol than in the absence of butanol (Fig. 2C and
Fig. S3 in the supplemental material). In addition, when the buta-
nol-treated cells were grown in 2.5% or 3.0% butanol, the cell
population density in the stationary phase was higher than that of
the untreated cells, clearly demonstrating the ability of the cells to
adapt to butanol. Conversely, the enhanced tolerance was com-
pletely abolished (data not shown) by repeatedly culturing the
butanol-treated cells in the absence of butanol, suggesting that the
butanol adaption of strain GK12 was due to physiological re-
sponses rather than genetic mutations. To our knowledge, no
other microorganism can grow faster in the presence of such toxic
and nonmetabolizable organic solvents than in the absence of
those solvents.

To elucidate the adaptation mechanisms, we analyzed the fatty
acid and DMA compositions of the adapted cells in comparison to
the nonadapted cells. Similar to the nonadapted cells, the adapted
cells increased their acyl chain lengths in a butanol dose-depen-
dent manner (Table 3). However, considerable differences in the

compositions were observed between the nonadapted and
adapted cells grown with 2.0% butanol. In particular, the propor-
tion of short chains (myristic acid [C14:0]) in the butanol-adapted
cells was much higher than in the nonadapted cells, whereas the
proportion of long chains (C18:0 and C20:0) in the butanol-adapted
cells was lower than in the nonadapted cells. It should also be
noted that, when comparing the adapted cells grown with or with-
out 2.0% butanol, there were no significant differences in the pro-
portions of short and long chains; rather, such proportions were
similar to those of the nonadapted cells grown without butanol
(Table 3). These results strongly imply that 2.0% butanol-adapted
cells may use alternative strategies to acquire butanol tolerance
instead of altering the chain lengths of fatty acids and DMAs, at
least at the concentration (2.0%) to which the cells had adapted.
Interestingly, the proportions of long chains and short chains
markedly increased and decreased, respectively, when the adapted
cells were grown with 2.5% butanol (Table 3), showing that a 0.5%
increase was critical for the collapse of the homeostatic state of the
fatty acid composition.

A similar finding was reported for the adaptation of Pseudomo-
nas putida to toluene (42). Changes in the membrane fatty acid
compositions via the isomerization of cis- to trans-unsaturated
fatty acids in response to solvent exposure were observed in non-
adapted P. putida cells but not in adapted cells, suggesting that
alternative mechanisms in the adapted cells, such as a solvent ef-
flux system, allowed for improved solvent tolerance (43).

Conclusions. We successfully isolated a wide variety of buta-
nol- and isobutanol-tolerant bacteria from environmental sam-
ples. Analyses of tolerance to these detrimental solvents using two
representative strains suggested that the organisms perhaps main-
tain their structural integrity by increasing the extracellular cap-
sule thickness, altering the membrane fatty acid components, and
adaptation via unknown mechanisms. These findings provide fur-
ther strategies for developing potential solvent-tolerant platforms
for microbial fuel production.
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